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T
he study by Linse et al. (1) pub-
lished in this issue of PNAS ob-
serves that nanoparticles (NPs)
can significantly enhance the rate

of protein fibrillation, or the formation of
fibrils, potentially leading to novel mecha-
nisms for amyloid diseases as well as ther-
apeutic opportunities for their treatment.
NPs are materials with dimensions be-
tween 1 and 100 nm whose small sizes
confer properties distinct from those of
bulk systems (2–5). Their potential to in-
duce protein fibrillation is a function of
both the NP surface charge, which pro-
motes adherence of the protein, and its
large surface area. In this case, NP–
protein binding induces significant struc-
tural and functional perturbations to the
protein, a fact that could be important for
a more general understanding of the bio-
logical interactions of engineered NPs.
The observation of fibrillation, which is a
specific kind of aggregation phenomenon
relevant for amyloid proteins, raises the
possibility that NPs could play a role in
increased risk of amyloidosis and other
protein-misfolding diseases (Fig. 1). The
authors call for further research into the
potential for NPs to accelerate protein
fibrillation and acknowledge that the same
variables associated with new protein as-
semblies of this sort may have beneficial
or even therapeutic roles.

One of the most important messages of
this work for chemists is that when NPs
enter the biological world they become
very different materials (1). The small
sizes of NPs convey the potential to access
many biological compartments, where
they are met with a smorgasbord of possi-
ble binding partners from the complex
and concentrated soup of biomolecules.
As a result, NPs develop in a biological
system that these authors aptly term a
‘‘corona’’ (6). The nature of these natural
surface coatings will define everything
important about the NP in an organism:
its surface charge, its stability against ag-
gregation, and even its hydrodynamic size.
These nonspecific associations are by no
means fixed in time, and indeed this pa-
per shows that over several hours one par-
ticular amyloid protein can experience
multiple adsorption and desorption events.

Because this corona will define the in-
terface between NPs and organisms, it
begs the question of whether the biologi-
cal interactions of NPs depend in any way
on their composition. Certainly the nature
of the surface will control which of the
many biomolecules will interact with the
NPs. Experiments using hydrophobic NPs,

such as single-walled carbon nanotubes
(SWNTs), have indicated that these sys-
tems will bind with proteins through the
neutral amino acids (7, 8). Particle shape
also will likely play a role; anisotropic par-
ticles like SWNTs are well suited to
‘‘wrapping’’ with anisotropic biomolecules
such as DNA (9).

Interestingly, particle size may be less
important than composition or surface
character in defining how biomolecules
bind to NP surfaces. One study of the
denaturation of proteins onto gold NPs of
various sizes found little difference be-
tween the NP-tethered proteins and bulk
solutions until NP diameters were well
under 15 nm (10). Such observations are
echoed by Linse et al. (1), who found that
the NP-induced fibrillation depended
more on the hydrophobic character of the
surface than on particle size. Someday,
researchers may develop computational
models that use basic physiochemical fea-
tures of a particle, coupled with informa-
tion about a particular biological setting,
to predict the size and structure of its co-
rona and, consequently, the nature of the
biological interaction.

Biologists may take away an equally
important but different message from the
publication by Linse et al. (1). The fibrilla-
tion induced by NPs illustrates that many
classes of biomolecules will exhibit distinc-
tive behaviors when they encounter NPs.

This observation is not surprising because
it has long been recognized that the bio-
inorganic interface is rich with complex-
ity; protein denaturation, crystallization,
and even fibrillation have been reported
as a result of protein interactions with
bulk surfaces (11–14). When the surfaces
are of nanoscale dimensions, however,
these familiar processes can change in
character and magnitude (8, 10). In the
study by Linse et al., fibril formation was
put into overdrive compared with the pro-
tein’s unperturbed behavior, an observa-
tion that was remarkably general across
a range of NP sizes, surface coatings, and
particle compositions.

The mechanism proposed in studies of
NP–fibril formation suggests that nano-
scale surfaces can act as platforms for
protein association. For proteins bound
directly to NPs, this association can induce
significant changes in protein structure,
and, as with low pH or high temperature,
proteins may unfold and produce struc-
tures more likely to form fibrils (15).
However, Linse et al. (1) saw no evidence
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Fig. 1. Artistic rendering of amyloid protein fibrillation in the presence of nanoparticles. The formation and
deposition in the body’s tissues of highly ordered, thread-like amyloid protein aggregates have been linked
to a family of diseases. For example, fibrillation of insulin has been linked to diabetes. Linse et al. (1) studied
70-nm polymer particles and �2m protein, which in its normal state is an �3-nm globular protein; however, the
dimensions and morphology for insulin fibrils on mica were the basis for this imagery (28). (A) Depicted here
are large NPs (blue) and an amyloid protein (green) in its monomeric and folded state (1). (B) This artistic
rendering shows the association of the amyloid protein with the NP surfaces, perhaps with the generation of
small oligomers, which are the precursors to fibrils. In solution, larger protein fibrils appear as their growth is
enhanced by the surface association of proteins.
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that the final fibrils were associated with
NPs, as might be expected if they origi-
nated at surface-bound proteins.

A more subtle possibility is that NPs act
much like conventional catalysts in pro-
moting fibrillation. In this model, NPs
would reduce the energetic barriers to
fibril formation by enhancing the popula-
tion of prefibril aggregates. Protein associ-
ation at NP surfaces could lead to easier
production of the soluble protein aggre-
gates known as oligomers that may act as
fibril building blocks. Much research has
been directed at understanding the role of
oligomers in accelerating fibril formation;
recently, oligomers have themselves been
implicated as being the causative agents of
neurodegenerative amyloid diseases such
as Alzheimer’s (13). The high surface ar-
eas of NPs, coupled with the dynamic ex-
change of proteins between bound and
free forms, may increase local protein
concentrations and promote oligomer for-
mation. Under the highly acidic conditions
studied by Linse et al. (1), such an in-
crease would lead to more rapid fibril
formation, in agreement with their data.
Interestingly, NP surfaces have been
shown to nucleate the formation of inor-
ganic structures, but in those cases the NP
becomes incorporated as a core into the
final product (16). For this biological pro-
cess, NP surfaces are not permanently
affixed to the fibrils, and, in principle, NP
surfaces function multiple times to en-
hance fibrillation, much like a conven-
tional catalyst.

Whether these observations will hold for
other amyloid proteins or for �2-
microglobulin (�2m) under physiological
conditions remains an outstanding question.
Linse et al. (1) set out to test the hypothesis
that a 3D NP surface would promote fibril-
lation of a model protein that fibrillates
readily and is associated with dialysis-related
amyloidosis (17). To observe fibrillation in
reasonable time frames, they studied the
process outside of a biological system under
conditions in which fibril growth is thought
to occur by means of a nucleation-depen-
dent model. At physiologically relevant pH

and ionic strength, amyloid fibril formation
proceeds through a different, but related,
process (18). Whether the NP surfaces
would be as active in catalyzing fibril forma-
tion under more realistic biological settings
remains to be seen. Perhaps even more sig-
nificant is that in a real biological setting,
amyloid proteins will compete with a multi-
tude of other biomolecules for access to the
NP surface. Amyloid association is likely to
be vastly reduced under these circumstances,
and, if so, the catalytic properties of NPs for
fibril formation may also be reduced.

Although this study found that NPs can
promote fibrillation, there are ongoing
efforts to use NPs to detect, prevent, and
treat protein-misfolding diseases such as
Alzheimer’s (19–22). Therefore, interpret-
ing the results of this paper as unequivo-
cally bad news for NPs is unwarranted. Of
particular relevance are recent reports of
the use of organic NPs to prevent fibrilla-
tion (23). In one ex vivo study, biocompat-
ible phospholipid nanomicelles with
diameters of �14 nm inhibit the aggrega-
tion of a protein associated with Alzhei-
mer’s disease (24). These NPs are coated
with a biocompatible polymer and thus
would show different but not inconsistent
behavior from that found by Linse et al.
(1), whose NPs were uncoated. Indeed,
designing coatings that limit or prevent
protein adherence may prove to be of crit-
ical importance to the safe application of
NPs to medicine.

Given the incredible variety of nanopar-
ticle sizes, shapes, surface coatings, and
compositions, it would be remarkable to
find any biological response that is univer-
sal; however, this is a possible conclusion
from Linse et al. (1), and this generality
has implications for science policy. The
current practices for evaluating nanobio-
logical interactions rely on a case-by-case
framework that assesses the effects of par-
ticular nanostructures in the context of
specific exposure scenarios. Although this
is the best response to regulatory issues at
this time, the case-by-case approach is
time-consuming and ultimately impractical
given the many ways chemists can alter

NP surface properties, size, and function.
If more fundamental and general trends
can be identified and validated, then spe-
cific and simple tests for screening new
NPs will be enabled; such work will high-
light size or composition thresholds, for
which deeper scrutiny is warranted. Ulti-
mately, such fundamental science would
lead to predictive models that would aid
government agencies in their oversight
functions, create faster commercialization
pathways for emerging nanomedicines,
and guide researchers to produce safe NP
systems at the very earliest stages of de-
sign. Governments worldwide are just
starting to develop research strategies that
have such goals in mind (25–27).

It is tempting to overinterpret the fasci-
nating science of Linse et al. (1) given the
dearth of information about NP biological
interactions and the growing desire of
consumers and policymakers to have bet-
ter information about NP risks. In such
a climate and through no fault of the re-
searchers themselves, single studies can
become focal points for public scrutiny
and be given far more significance than is
warranted. The observation that NPs can
catalyze fibrillation is important and
should make all of us think harder about
how best to use these new materials.
However, the actual experiments occurred
in small tubes under pH and ionic
strength conditions that would kill most
cells and used a model protein that is well
known to fibrillate. The experiments were
perfectly designed to test the authors’ hy-
potheses about the consequences of NP–
protein association yet poorly suited to
inform the public broadly about the risks
of NP exposures. This last issue will re-
quire the concerted effort of the scientific
community and is not something that any
single publication should be expected to
address. In the meantime, all of us should
welcome landmark publications such as
the one by Linse et al., which teach us
about yet another fascinating way that
engineered NPs can interact with biologi-
cal systems.

This work was supported by National Science
Foundation Grant EEC-0647452.

1. Linse S, Cabaleiro-Lago C, Xue W-F, Lynch I, Lindman S,
Thulin E, Radford SE, Dawson KA (2007) Proc Natl Acad Sci
USA 104:8691–8696.

2. Subcommittee E56.01 (2006) E2456-06 Standard Termi-
nology Relating to Nanotechnology (ASTM Int, West Con-
shohocken, PA).

3. Alivisatos AP (1996) Science 271:933–937.
4. Kamat PV (2002) J Phys Chem B 106:7729–7744.
5. Soppimath KS, Aminabhavi TM, Kulkarni AR, Rudzinski WE

(2001) J Controlled Release 70:1–20.
6. Cedervall T, Lynch I, Lindman S, Berggard T, Thulin E, Nilsson

H, Dawson KA, Linse S (2007) Proc Natl Acad Sci USA
104:2050–2055.

7. Matsuura K, Saito T, Okazaki T, Ohshima S, Yumura M,
Iijima S (2006) Chem Phys Lett 429:497–502.

8. Karajanagi SS, Vertegel AA, Kane RS, Dordick JS (2004)
Langmuir 20:11594–11599.

9. Baker SE, Cai W, Lasseter TL, Weidkamp KP, Hamers RJ
(2002) Nano Lett 2:1413–1417.

10. Teichroeb JH, Forrest JA, Ngai V, Jones LW (2006) Eur Phys J
E 21:19–24.

11. Lu JR, Su TJ, Thirtle PN, Thomas RK, Rennie AR, Cubitt R
(1998) J Colloid Interface Sci 206:212–223.

12. Jap BK, Zulauf M, Scheybani T, Hefti A, Baumeister W, Aebi
U, Engel A (1992) Ultramicroscopy 46:45–84.

13. Canale C, Torrassa S, Rispoli P, Relini A, Rolandi R, Bucciantini
M, Stefani M, Gliozzi A (2006) Biophys J 91:4575–4588.

14. Pellenc D, Berry H, Gallet O (2006) J Colloid Interface Sci
298:132–144.

15. Nielsen L, Khurana R, Coats A, Frokjaer S, Brange J, Vyas S,
Uversky VN, Fink AL (2001) Biochemistry 40:6036–6046.

16. Johnson CJ, Dujardin E, Davis SA, Murphy CJ, Mann S (2002)
J Mater Chem 12:1765–1770.

17. Gejyo F, Yamada T, Odani S, Nakagawa Y, Arakawa M,
Kunitomo T, Kataoka H, Suzuki M, Hirasawa Y, Shirahama T,
et al. (1985) Biochem Biophys Res Commun 129:701–706.

18. Nelson R, Eisenberg D (2006) Curr Opin Struct Biol 16:260–265.
19. Kogan MJ, Bastus NG, Amigo R, Grillo-Bosch D, Araya E,

Turiel A, Labarta A, Giralt E, Puntes VF (2006) Nano Lett
6:110–115.

20. Cox DL, Lashuel H, Lee KYC, Singh RRP (2005) MRS Bull
30:452–457.

21. Cui ZR, Lockman PR, Atwood CS, Hsu CH, Gupte A, Allen
DD, Mumper RJ (2005) Eur J Pharm Biopharm 59:263–272.

22. Ji X, Naistat D, Li C, Orbulesco J, Leblanc RM (2006) Colloids
Surf B 50:104–111.

23. Heegaard PMH, Pedersen HG, Flink J, Boas U (2004) FEBS
Lett 577:127–133.

24. Pai AS, Rubinstein I, Onyuksel H (2006) Peptides 27:2858–2866.
25. Scientific Committee on Emerging and Newly Identified Health

Risks (2007) The Appropriateness of the Risk Assessment Meth-
odology inAccordancewith theTechnicalGuidanceDocuments for
New and Existing Substances for Assessing the Risks of Nanoma-
terials (Eur Commission, Brussels).

26. Nanotechnology Environment Health Working Group
(2006) Environmental, Health, and Safety Research Needs
for Engineered Nanoscale Materials (Natl Sci Technol
Council, Washington, DC).

27. Maynard AD, Aitken RJ, Butz T, Colvin V, Donaldson K,
Oberdorster G, Philbert MA, Ryan J, Seaton A, Stone V, et al.
(2006) Nature 444:267–269.

28. Jansen R, Dzwolak W, Winter R (2005) Biophys J 88:1344–1353.

8680 � www.pnas.org�cgi�doi�10.1073�pnas.0703194104 Colvin and Kulinowski


